The response of photosynthetic electron transport and light-harvesting efficiency to high temperatures was studied in the desert shrub Larrea divaricata Cav. Plants were grown at day/night temperatures of 20/15, 32/25, or 45/33 C in rough approximation of natural seasonal temperature variations. The process of acclimation to high temperatures involves an enhancement of the stability of the interactions between the light-harvesting pigments and the photosystem reaction centers. As temperature is increased, the heat-induced dissociation of these complexes results in a decrease in the quantum yield of electron transport at limiting light intensity, followed by a loss of electron transport activity at rate-saturating light intensity. The decreased quantum yield can be attributed to a block of excitation energy transfer from chlorophyll b to chlorophyll a, and changes in the distribution of the excitation energy between photosystems II and 1. The block of excitation energy transfer is characterized by a loss of the effectiveness of 480 nm light (absorbed primarily by chlorophyll b) to drive protochemical processes, as well as fluorescence emission by chlorophyll b.
Larrea divaricata Cav., a predominant desert shrub of the southwestern United States, maintains photosynthetic activity throughout the year, tolerating the great extremes of temperature which occur in warm deserts (4, 13, 14, 17, 18, 23) . Field studies of the photosynthetic activity of L. divaricata Cav. performed in Death Valley, California demonstrated that shifts of the photosynthetic thermal optimum are correlated with seasonal temperature variations (14) . When plants were grown in the laboratory under controlled environmental conditions, the ability of L. divaricata to acclimate to a wide range (20/15 to 45/33 C.day/night) of growth temperatures was confirmed ( 14) . In addition, these studies demonstrated that the differential heat stability of photosynthetic activity of plants grown under different temperature regimes was attributed to changes at the chloroplast level (14) .
Bjorkman and co-workers (5, 6) and Pearcy and co-workers (19) have found that photosynthesizing leaves of heat-adapted desert plants tolerated 10 C higher temperature without suffering damage to photosynthetic functions than did leaves of coldadapted coastal plants. The of these leaves to high temperature, in each species was accompanied by a closely matching inhibition of the quantum yield of PSII-driven electron transport and an uncoupling of photophosphorylation in chloroplasts isolated from similarly treated leaves. Schreiber and Berry (21) showed that these inhibitory effects were coincidental with increases in Chl a fluorescence. These workers suggested that the observed inhibition of photosynthesis by heat stress is closely related to a perturbation of the thylakoid membranes, affecting both associated enzymes and the pigment system. These results, indicating that thylakoid membrane reactions (especially PSII activity and photophosphorylation) are some of the most heat-sensitive components in the intact leaf are in general accordance with the results of other studies in which isolated chloroplasts were subjected to heating (8, 12, 15, 16, 20 (3, 7) and were recorded on either a strip chart recorder or a storage oscilloscope. Chl fluorescence emission spectra at 77 K were measured in a Perkin-Elmer fluorescence spectrophotometer MPF-3L.
RESULTS AND DISCUSSION
The temperature dependence ofthe rate of light-saturated whole chain electron transport (H20 --*methyl viologen; Fig. 1 ) is similar to the temperature dependence of net photosynthesis measured under saturating CO2 conditions described previously (14) . The differences in the thermal optima for chloroplast samples isolated from plants, grown under different temperature regimes, are less distinct than those observed for net CO2 fixation under saturating CO2 conditions, and are shifted to somewhat higher temperatures. The threshold temperature at which electron transport becomes inhibited appears to be a function of the growth temperature and is similar (less than 5 C difference) to the temperatures at which C02-saturated photosynthesis becomes inhibited (14) . PSI activity ( Fig. 2 ) in contrast, remained stable for the temperature range indicated in the figure. The site of inhibition of whole chain electron transport under saturating light conditions must therefore be prior to the site of donation by reduced dichloroindophenol (DCIPH2).
The maximal rates obtained for light-saturated electron transport in the chloroplast samples isolated from L. divaricata, grown at the indicated temperatures, are somewhat higher than the rates of C02-saturated photosynthesis would predict, when both are expressed on a Chl basis. The methyl viologen reduction is, however, uncoupled from photophosphorylation and reflects only Temperature, ' the capacity of the electron transport system. It does not give a measure of in vivo electron transport. In addition, the rates of electron transport were quite different from each other. Although alterations in thermal stability of the chloroplast membrane could account for some part of this difference, changes in the photosynthetic unit size could also be responsible.
To investigate this possibility, the relative photosynthetic unit size was measured by comparing the light-induced increase of Chl a fluorescence (in the presence of DCMU and NH20H) for samples of equal Chl concentration (Fig. 3) . In such curves, the half-rise time of fluorescence (t1/2) gives an estimate of the relative photosynthetic unit size (1, 22 ). An analysis of the t112 for these curves (Table I) indicates that the photosynthetic unit size of the 45 C sample is almost double that of the 20 C sample; the photosynthetic unit of the 32 C sample was of intermediate size.
Moreover, the pigment composition of these photosynthetic units was also affected by the growth conditions, as indicated by the Chl a/b ratios.
Although only small differences were detected in the amount of initial fluorescence (Fo) among the three samples, substantial differences were observed in the maximal level of fluorescence (Fmax). These differences in the Fmax/Fo ratio (Table I) could reflect changes in the distribution of excitation energy between PSII and I. This notion is supported by Chl fluorescence emission spectra determined at 77 K (Fig. 4) . The ratio of short wavelength to long wavelength emission is substantially lower in the 20 Cgrown plants, when compared to both the 32 C-and 45 C-grown plants (Table I ). These data indicate that in chloroplasts isolated from 20 C-grown plants, the proportion of excitation energy distributed to PSII (short wavelength peak) is considerably smaller than in chloroplasts isolated from the 32 C-and 45 C-grown plants.
The decline in the rates of CO2-saturated photosynthesis (14) and light-saturated electron transport (Fig. I) at elevated temperature could be due to heat-induced damage to electron transport components, as well as damage directly affecting the pigment systems. Heat-induced alterations of the pigment systems can be detected by monitoring the Fo level of Chl fluorescence. Since the measuring light used is extremely weak it causes no detectable redox changes of the primary PSII acceptor Q (21) . It is thus possible to separate the effects of heat damage to the electron transport system from damage to the pigment system. It was observed that upon slow heating of leaf samples, there was a marked increase in the Fo level of Chl a fluorescence (Fig. 5) Figure 3 . b Measured under conditions described in Figure 4 . to those at which the C02-saturated photosynthesis and lightsaturated electron transport rates decline (14; Fig. 1) .
Measurements of the efficiency of excitation energy transfer from the bulk pigments to the reaction centers by varying the excitation wavelength enabled us to characterize further the heatinduced changes in the pigment systems. It is known that Chl b is exclusively contained in a pigment-protein complex which has been designated the light-harvesting Chl a/b protein (24) , and that the transfer of excitation energy from Chl b to Chl a normally occurs with nearly 100%o efficiency (11) . Thus, the efficiency of 480 nm excitation (absorbed primarily by Chl b) relative to 430 nm excitation (absorbed primarily by Chl a) is a measure of the energy transfer efficiency between the light-harvesting complex and the photochemically active complexes.
The Fo level of Chl a fluorescence, measured as a function of temperature for chloroplast samples isolated from plants grown under the three temperature regimes, showed that the yield of the heat-induced increase in the Fo level of fluorescence was markedly dependent upon the wavelength of the excitation beam (Fig. 6 ). This wavelength dependence was most pronounced in the chloroplast sample from the 20 C-grown plant, somewhat less for the 32 C-grown plant, and only just detectable in the 45 C-grown plant. This decrease in Chl fluorescence with 480 nm excitation cannot be attributed to changes in absorption by Chl since the absorption spectra for the control and the heated chloroplast samples were almost identical. Also, it cannot be attributed to changes in the amount of Chl b since the chloroplast sample from the 20 C-grown plant contained the least Chl b, while the chloroplast sample from the 45 C-grown plant had the greatest amount of Chl b.
A dependence on excitation wavelength was also detected for whole chain electron transport measured under rate-limiting light (Fig. 7) . As was also observed in the Fo fluorescence studies (Fig.  6 ), the wavelength dependence was least pronounced in the chloroplasts isolated from the 45 C-grown plants (Fig. 7A) . The chloroplasts isolated from the 32 C-and 20 C-grown plants (Fig. 7 , B and C) showed a strong wavelength dependence with a substantial difference in the electron transport rates with 430 nm and 480 nm excitation.
These fluorescence and electron transport data suggest that heat damage at the pigment level results in a block of energy transfer between Chl b and Chl a. Since all of the Chl b is contained in the light-harvesting Chl a/b protein, a heat-induced dissociation of the light-harvesting complex from the photochemically active complexes is also implied.
Further evidence for a heat-induced block of excitation energy transfer from Chl b to Chl a was obtained from fluorescence emission spectra measured at 77 K (Fig. 8) . The emission spectra of the unheated control sample did not exhibit discernible differences with 430 nm and 480 nm excitation but heat treatment caused substantial changes in the fluorescence emission spectra. As observed in the studies of Fo fluorescence (Fig. 6 ) and of lightlimited electron transport (Fig. 7) , 430 nm and 480 nm excitation produce significantly different responses. Regardless of excitation wavelength, heating caused a marked increase in the ratio of short wavelength to long wavelength low temperature Chl fluorescence emission. In addition, exciting the sample with 480 nm resulted in the appearance of a new fluorescence emission peak at 660 nm. A peak at this wavelength has not been previously reported but must be caused by Chl b fluorescence (9, 10) . With 430 nm excitation, emission at 675 nm was observed in the heated samples. These changes in the low temperature emission spectra, and the differences in response with 430 nm and 480 nm excitation were particularly pronounced in the chloroplasts isolated from the 20 Cand 32 C-grown plants, but to a much lesser extent in the chloroplasts from the 45 C-grown plants (not shown in the figures). A manuscript containing a detailed analysis of these fluorescence changes is in preparation.
GENERAL CONCLUSIONS
Analysis of Heat Damage of Chloroplast Membranes. The data presented here demonstrate that the observed inhibition of the activity of the photosynthetic electron transport system by high temperature is correlated with perturbations of the Chl-protein complexes. In addition, the data suggest that for L. divaricata, this heat inhibition results in a loss of photochemical efficiency (as indicated by electron transport measurements under limiting light conditions; Fig. 7 ), followed by a decline in the capacity to transport electrons (as determined by measurements of light-saturated electron transport; Fig. 1) . The temperatures at which these two events are observed appear to be 5 C or more apart. It is also evident that both electron transport and net C02-saturated photosynthesis (14) , when measured under light-saturating conditions, are relatively insensitive to the initial heat-induced perturbations of the pigment systems. The increase in the threshold temperature for the rise of the F, level of fluorescence with increasing growth temperature suggests that photosynthetic acclimation to temperature involves changes of the thylakoid membrane which render the pigment system embedded in this membrane less heat-sensitive. This conclusion is supported by the observation that the heat inhibition of Chl b to Chl a excitation energy transfer, evident in the chloroplasts isolated from the plants grown at 20 and 32 C, does not occur in the plants grown at 45 C.
LITERATURE CITED
